Emerging quantum technologies for cryptography, computing and metrology exploit quantum mechanical effects for enhanced information processing and nanoscale sensing. Though different platform systems are currently being explored, light-based quantum technologies using single-photon emitters as the basic building block are among the frontrunners , and point defects in wide bandgap materials such as diamond and silicon carbide [5] [6] [7] [8] [9] . Single photon emitters in novel van der Waals materials have garnered recent attention due to their potential for integration with waveguides, microcavities, and other passive components typical in photonic devices. Example 2D systems hosting quantum emitters include WSe 2 and MoS 2 as well as other transition metal dichalcogenides (TMDs) [10] [11] [12] [13] [14] . Here we focus on hexagonal boron nitride (hBN), a wide bandgap semiconductor where defect emission has been shown to be tunable and robust at room temperature [15] [16] [17] [18] [19] [20] [21] [22] and above 23 . We use confocal microscopy to investigate the photoluminescence (PL) of point defects within thin hBN flakes deposited on a lithographically patterned SiO 2 substrate. Due to Van der Waals forces the flake conforms to the surface topography thus accumulating significant local strain near protruding features. Using large structured arrays of different sizes and geometries we find nearly perfect correspondence between the strained areas of the flake and defect emission. Our modeling supports the notion of defect activation via charge trapping in deformation potential wells. The physics at play has some similarities with that governing the dynamics of excitons in WSe 2 monolayers subjected to comparable geometries, as reported recently 24, 25 . Unlike TMDs, however, the wide bandgap of hBN can accommodate large potential modulations, sufficient to stabilize the defect charge at room temperature. In particular, we calculate deformation potential wells as deep as 500 meV confined to regions of tensile and compressive strain in the hBN flake that correlate well with the spatial localization of the emitters.
Emerging quantum technologies for cryptography, computing and metrology exploit quantum mechanical effects for enhanced information processing and nanoscale sensing. Though different platform systems are currently being explored, light-based quantum technologies using single-photon emitters as the basic building block are among the frontrunners 1 . Several strategies have been used to realize deterministic single photon sources in the solid state 2 , including quantum dots 3 , single molecules 4 , and point defects in wide bandgap materials such as diamond and silicon carbide [5] [6] [7] [8] [9] . Single photon emitters in novel van der Waals materials have garnered recent attention due to their potential for integration with waveguides, microcavities, and other passive components typical in photonic devices. Example 2D systems hosting quantum emitters include WSe 2 and MoS 2 as well as other transition metal dichalcogenides (TMDs) [10] [11] [12] [13] [14] .
Here we focus on hexagonal boron nitride (hBN), a wide bandgap semiconductor where defect emission has been shown to be tunable and robust at room temperature [15] [16] [17] [18] [19] [20] [21] [22] and above 23 . We use confocal microscopy to investigate the photoluminescence (PL) of point defects within thin hBN flakes deposited on a lithographically patterned SiO 2 substrate. Due to Van der Waals forces the flake conforms to the surface topography thus accumulating significant local strain near protruding features. Using large structured arrays of different sizes and geometries we find nearly perfect correspondence between the strained areas of the flake and defect emission. Our modeling supports the notion of defect activation via charge trapping in deformation potential wells. The physics at play has some similarities with that governing the dynamics of excitons in WSe 2 monolayers subjected to comparable geometries, as reported recently 24, 25 . Unlike TMDs, however, the wide bandgap of hBN can accommodate large potential modulations, sufficient to stabilize the defect charge at room temperature. In particular, we calculate deformation potential wells as deep as 500 meV confined to regions of tensile and compressive strain in the hBN flake that correlate well with the spatial localization of the emitters.
For the first set of experiments we use an array of 155-nm-high nanopillars with diameters ranging from 200 to 700 nm fabricated via electron beam lithography over a large-area silica substrate ( Figure 1a) ; the sample is a commercial, 20-nmthick flake of hBN grown via chemical vapor deposition (CVD). We follow a wet transfer protocol 26 to drape the flake on the patterned silica substrate (see Methods). This technique takes advantage of the Van der Waals forces to make the flake conform to the surface topography. As an illustration, Figure 1b shows an atomic force microscopy (AFM) image from an hBN fragment where the 20-nm-thick flake folds on itself: We identify single-and double-layer sections near the left and right areas, respectively; bare pillars -visible on the lower, right corner of the image -provide a direct view of the underlying structure. Rather than adopting the geometry of a pole tent canvas, the flake deforms uniformly to reproduce the substrate features regardless the number of layers; the deformation seems to be elastic though hBN piercing was observed for higher pillars (see Methods). To investigate the PL of hBN-hosted emitters we use a customized confocal microscope with laser excitation at 460 nm and 488 nm (see Methods). A confocal image of the structure is presented in Figure 1c . Unlike prior work, where visible emitters are created randomly via high-temperature annealing 15 , ion irradiation, or surface etching 22 , here we find light emission selectively originating from the pillar sites. Comparison with an optical image of the substrate (Figure 1c, inset) shows a seamless correspondence with the underlying structure, independent of the spacing between pillars (compare left and right arrays in the image). Since defects are already present in the hBN flake and can be rendered bright via annealing, (see Supplementary Note 1 and Supplementary Figure 1) , our observations suggest a localized defect activation process at the pillar sites making the mechanism nearly deterministic. Fluorescence is also observed along grain boundaries or flake cracks, as reported previously 22 . We collect virtually no emission from sections of the substrate not covered by hBN (upper left corner) and observe a brightness contrast between pillar and inter-pillar sites in excess of 100-fold in most areas. A detailed analysis using literature values for the silicon 27 and hBN 28 indices of refraction shows that the confocal pattern does not originate from pillar-enhanced photon scattering or antenna effects (Supplementary Note 2 and Supplementary  Figure 2 ).
To more thoroughly investigate the PL from the activated sites, we resort to steady-state, time-resolved, and correlation optical spectroscopies. We choose a high-contrast area showing minimal fluorescence in the space between pillars ( Figure  2a ). Figure 2b shows the spectrum from an example site: Similar to prior reports 15, 16, 19 , we identify well-defined zerophonon lines (ZPL) accompanied by multiple phonon replicas separated by about 165 meV. The spectrum also displays a broad, near-featureless background with a maximum around 550 nm, possibly the result of spectral diffusion. Lifetime measurement using ultrafast pulses (500 fs, 80 MHz repetition rate) indicate a nearly-exponential fluorescence decay with effective time constant of ~2.5 ns (Figure 2c ). Though the number of emitters per site varies, approximately 10% of the pillars show emission from < 3 emitters. As an illustration, Figure 2d presents the results from a pulsed Hanbury-BrownTwiss (HBT) correlation measurement displaying photon antibunching near zero-delay times. Dividing the area under the central peak by the average area of all other six peaks, we calculate a zero-delay correlation 0 0.50 0.02 hinting at the presence of one or two emitters. Figure 2e presents two complementary examples where we collect the emission spectra from different pillar sites at consecutive times. The set on the left alternates between bright and dark intervals, indicative of a single photon emitter. We assign the zero-phonon line to the peak at 575 nm but the broad background at lower wavelengths suggests strong spectral diffusion on a scale faster than the integration time per trace (1 sec). The system on the right shows a similar behavior though the observation of an intermittent peak at ~625 nm, not correlated with the main peak at 575 nm, hints at the presence of a second photo-active defect. Figure 2f summarizes the statistics from similar measurements at pillar sites featuring a dominant emission peak (approximately 10% of the total): Assigning this peak to the emitter's ZPL, we find a Gaussian-like distribution centered around ~576 nm; the full width at half maximum (FWHM) is ~70 nm, substantially narrower than in prior observations 16, 19 . The latter may simply reflect the equivalence between all bright sites, subjected to comparable levels of elastic strain.
To elucidate the interplay between defect activation and local geometry we extend the experiments above to a set of structures of variable shape and size. Two examples are presented in Figure 3 , where we study substrates containing large (~2 µm) pillars with circular and triangular cross sections. Similar to the observations in Figure 1 , AFM imaging shows that the hBN flake deforms elastically to reproduce the substrate topography. Interestingly, confocal microscopy reveals fairly uniform defect activation along the pillar edges, regardless of the orientation of the hBN lattice relative to the substrate geometry. Further, for the triangular structure we measure light emission of comparable intensity throughout the contour, an intriguing finding because strain at the corners is expected to be substantially larger than at the edges. Given the differing local topologies, this behavior suggests a threshold for the process of defect activation, wherein all defects become bright to optical excitation once a minimum strain threshold is met. As shown in Supplementary Figure 3 for the case of a long, 500-nm-wide ridge, there is virtually no limit in the length of the hBN contour that can be activated.
The ability to interrogate adjacent but distinguishable (i.e., diffraction-resolved) sites over long perimeters gives us the opportunity to further gauge the role of strain in the observed ZPL dispersion. The multi-peaked structure of most spectra combined with the intermittent blinking of the PL at most locations (Figure 3b ) hints at the presence of spectral diffusion between discrete, well-defined configurations of the local charge, consistent with prior observations 19 . Further, integrated spectra from neighboring positions retain common features including the overall structure and center wavelength of the main peaks (spectra in Figure 3d ). Rather than transforming abruptly from one location to the next, changes are gradual confirming that strain which varies little over short distances is key to defining the emitters ZPL.
Although the physical nature of the point defects at play in hBN still remains the subject of ongoing research 29 , one possible activation route to a bright state entails the capture or loss of one or more charge carriers. Charge localization can take place via various mechanisms. Substrate-induced electrostatic effects is one such mechanism. However we observe similar defect activation on a patterned Si 3 N 4 , which is less electronically active than SiO 2 , and hence the role of the substrate electrostatics appears to be minimal. Another mechanism of charge confinement arises from a strain-induced potential, which, in turn, can emerge as the combined result of a deformation potential and the piezo-electric effect. Bulk hBN has inversion symmetry and therefore exhibits no piezo-electricity, but weak contributions may still be present in thin flakes if the number of atomic layers is odd. Owing to the trigonal symmetry of the hBN crystal structure, a piezoelectric induced potential in the presence of cylindrical strain must lead to a trigonal distribution of emitters. Since our pillar structures do not display such patterns, we conclude that the piezoelectric induced potential is negligible.
To assess the impact of strain induced deformation potential on charge localization, we first determine from the AFM data the average shape the flake takes in the vicinity of a pillar (Figure 4a ). We then make use of the Kirchoff-Love (KL) theory in the limit of thin plates [30] [31] [32] [33] , and calculate the strain from the second derivative of the deformation relative to the radial distance to the pillar center; finally, we determine the deformation potential through its proportionality with strain (see Supplementary Note 3 and Supplementary Figure 4) . High-resolution atomic force and confocal images are presented in Figures 4a through 4d . Similar to Figure 1 , we focus on a small (∅ 550 nm) cylindrical pillar from the single-layer region of the flake but in this case we consider a site where the number of activated emitters is much larger than one (apparent from the uniform, doughnut-shaped fluorescence image of the pillar, Figure 4d ). Using a polynomial fit to reproduce the local topography (Figure 4e and yellow trace in Figure 4f ), we determine via the KL theory confining potentials of up to ~500 meV, indicative of robust charge carrier trapping at room temperature. As expected, the radial locations of the extrema are found near the top and base edges of the pillar, where the flake curvature is highest.
Comparison with the fluorescence pattern from the same pillar site (Figure 4d ) shows a reasonable correspondence: Consistent with the KL model, we find a structured, doughnut-shaped emission centered around the pillar. Given the pillar dimensions which is smaller than in Figure 3 , the fluorescence dip at the doughnut center is not as pronounced. Interestingly, we find clearer doughnut patterns in the section of the sample where the flake folds on itself to form a second hBN layer. This observation is in qualitative agreement with the wider contours inherent to a multi-layer structure but further work will be needed to gain a fuller understanding on how strain propagates from one layer to the next.
Our findings open interesting opportunities to control defect emission in hBN via the local control of charge. For example, the use of external gate nano-electrodes to create local electrostatic potentials 34 should make it possible to controllably activate emitters on demand. Also intriguing is the use of surface chemistry to control defect emission through selective surface functionalization; this approach should prove useful for sensing applications, e.g., to optically herald molecular binding events on the hBN surface.
METHODS
Substrate and sample preparation. The silica nano-pillars were made by masked etching of a 300 nm thick thermal oxide on a Si wafer via electron beam lithography. The desired geometry of the SiO 2 pillars was first written into a 300 nm layer of negative resist (Ma-N 2403) on top of the thermal oxide wafer via electron beam lithography (Eliox ELS-G100). Then, after development in MIF 726, deep reactive ion etching (DRIE) was utilized to anisotropically etch the patterned wafer. The polymerized resist masks the SiO 2 layer from the etchant gas (CHF3) and enables the SiO 2 pillars to form from the protected silica. Finally, the excess resist is removed via a two-step process; first the majority of the resist is dissolved by the solvent Remover PG and then the pillar substrate is subjected to an O 2 plasma for 10 minutes to fully remove any leftover resist. It was found that the O 2 plasma etches the silica further ~15 nm, which is attributed to contaminates present on the DRIE chamber walls.
The hBN sample studied herein was purchased from Graphene Supermarket as a 20-nm-thick flake, grown by CVD on a 25-μm-thick Cu substrate. The flake was transferred to the patterned silica wafer by a Poly(methl methacrylate) (PMMA) transfer method 35 . First, a 200 nm layer of PMMA was spin coated onto the h-BN/Cu substrate. After a 90 s prebake at 180 0 C, the Cu substrate was removed in a bath of ferric chloride at 60 0 C. The hBN/PMMA film was then placed in a Radio Corporation of America (RCA) 2 bath to remove any excess Cu and subsequently in a RCA 1 bath to remove any organic impurities. After rinsing with DI water, the film was lifted from the water bath with a nanopillar sample and allowed to dry. The sample was then heated to 180 0 C for 20 minutes to remove any trapped gas and subsequently placed in an acetone bath for 90 minutes at 52 0 C to remove the majority of the PMMA film. The pillar substrates were patterned in arrays with various pillar diameters, which ranged from 200 nm to 2 μm, and varying pitches, from 2 μm to 6 μm. We found that the h-BN was supported by the pillars for pillar heights below ~155 nm while pillars with heights above 155 nm showed evidence the h-BN was pierced by the pillars. We also find that a 2 μm pitch is a sufficient distance to allow the h-BN to drape over the pillar and contact the substrate between pillars. Pillars of other shapes such as triangles and squares were also fabricated.
Optical measurements. All photo-luminescent measurements reported herein were collected via a custom-built confocal microscope with an infinity-corrected 50x (.83 numerical objective) Olympus objective. The excitation source had a spot size of 1 μm and varied between two different lasers: a continuous wave (cw) laser operating at 460 nm (Thorlabs L462P1400MM), and a 500 fs pulse fiber laser with a repetition rate of 80 Mhz operating at 488 nm (Toptica FemtoFiber pro TVIS). 500 nm and 550 nm long pass filters (Thorlabs FELO500 and FELO550, respectively) were used to cut off the reflected laser light along the collection arm of the microscope. Correlation measurements were conducted via a free-space Hanbury, Brown and Twist interferometer, where a pair of time-synced (Picoquant -Picoharp 300) APDs (MPD PDM) detected the quantum emission. An 80-20 splitter provided real-time spectral analysis; the 20% arm of the emission was steered into an iHR-320 Horiba spectrometer.
